Abstract. Antagonists of growth hormone-releasing hormone (GH-RH) inhibit growth of various human cancers including osteosarcomas and Ewing's sarcomas, xenografted into nude mice or cultured in vitro. The antiproliferative effect of GH-RH antagonists could be mediated, in part, through the splice variants (SVs) of receptors for GH-RH which have been found in several human cancers and cancer cell lines. In this study we investigated the expression of SVs of GH-RH receptors and the binding characteristics of these receptor isoforms in MNNG/HOS human osteosarcoma and SK-ES-1 human Ewing's sarcoma grown in nude mice. RT-PCR revealed the presence of mRNA for SVs of GH-RH receptors in both human malignant bone cancer models. Using ligand competition assays with 125 I-labeled GH-RH antagonist JV-1-42, we demonstrated in MNNG/HOS and SK-ES-1 tumors the presence of specific high affinity binding sites for GH-RH (K d =5.83 nM and K d =2.76 nM) with a maximal binding capacity (B max ) of 552.1 fmol/mg protein and 371.9 fmol/mg protein, respectively. We also investigated the effect of GH-RH antagonist JV-1-38, administered s.c. at a dose of 20 μg twice daily for 4 weeks on the gene expression, affinity and concentration of receptors for GH-RH in MNNG/HOS human osteosarcomas xenografted into nude mice. Treatment with JV-1-38 did not affect the expression and binding characteristics of GH-RH receptors. High affinity binding of JV-1-38 to GH-RH receptors on MNNG/HOS tumors was characterized by an IC 50 value of 1.04 nM. The presence of GH-RH receptors in human bone tumors provides a rationale for new approaches to the therapy of this malignancy based on GH-RH antagonists.
Introduction
Osteogenic sarcomas and Ewing's sarcomas represent the most common primary bone tumors in children and young adults (1) (2) (3) (4) (5) (6) . Surgery, radiation and high-dose chemotherapy are of limited effectiveness (1) (2) (3) . Despite aggressive treatment that can improve overall survival (4), many patients develop recurrent disease and metastases (5) . Thus, most patients with either localized or metastatic disease ultimately die of these malignancies. Consequently, new therapeutic approaches have to be developed for the management of osteosarcomas and Ewing's sarcomas.
Over the past decade, various investigations demonstrated the role of neuropeptides and growth factors, synthesized locally by the tumor cells or derived from the systemic circulation in promoting the proliferation of human cancers (2, (7) (8) (9) . The role of endocrine and autocrine-paracrine stimulatory loops mediated by insulin-like growth factors I and II (IGF-I and IGF-II) has been demonstrated in the pathogenesis and progression of human osteosarcomas and other malignancies (2, 3, (8) (9) (10) . In view of these findings, novel therapeutic strategies that can block or down-regulate various components of the IGF system are being developed by various groups including ours (2, 9, 11) .
Several series of antagonistic analogs of growth hormonereleasing hormone (GH-RH) were synthesized in our laboratory in the past 10 years in an endeavor to develop a new class of antitumor agents (2, (11) (12) (13) (14) . We have shown that these GH-RH antagonists inhibit the growth of various experimental human cancers such as pancreatic (15) , colorectal (16) , prostatic (17) (18) (19) , breast (20, 21) , ovarian (22) , renal (23) cancers, glioblastomas (24) , osteosarcomas and Ewing's sarcomas (3, 10) , small cell lung carcinomas (SCLC) and non-SCLC (25) (26) (27) . GH-RH antagonists can suppress tumor growth though indirect and direct pathways. The indirect endocrine mechanism operates through the suppression of the GH release from the pituitary, and the resulting reduction in the hepatic production of IGF-I (2, 11 ). An inhibition of experimental renal, prostatic, SCLC, NSCLC and bone tumors, achieved with relatively high doses of early GH-RH antagonists, was associated with a decrease in hepatic and serum IGF-I levels (reviewed in refs. 2, 11) . IGF-I is a well-known mitogen for various cancers (9) and thus the decrease in the serum level of IGF-I is likely to (20, 21, 26, 28, 29) . These findings led to the conclusion that the main mechanism responsible for tumor inhibition could be due to a direct action of GH-RH antagonists on the tumor tissue (2) . Such an action would have to be mediated through specific GH-RH receptors on tumors. Our recent investigations demonstrated that surgical specimens of various human cancers and diverse human experimental cancer lines express mRNAs encoding four splice variants (SV) of GH-RH receptors and display specific, high affinity binding sites for GH-RH and its antagonistic analogs (30) (31) (32) (33) . The isolation and sequencing of cDNA encoding the SVs of GH-RH receptors on these human tumors showed that they are distinct from the pituitary GH-RH receptors (30, 31) . Among these truncated forms of GH-RH receptors, SV1 displays the greatest similarity to the pituitary GH-RH receptor (31) . We also demonstrated the activation of cell proliferation responses to GH-RH analogs in 3T3 fibroblasts transfected with the SV1 isoform of GH-RH receptors (34) , supporting the hypothesis that SV1 mediates direct effects of GH-RH and its analogs in human tumors. Our previous study in nude mice bearing MNNH/HOS osteosarcomas and SK-ES-1 Ewing's sarcomas revealed that treatment with GH-RH antagonist JV-1-38 significantly inhibits growth of these malignant human bone tumors (3) . In proliferation studies in vitro, the growth of MNNG/HOS and SK-ES-1 cells was dose-dependently inhibited by JV-1-38 and the expression of mRNA for GH-RH and SVs of GH-RH receptors was also found in these sarcoma lines (29) .
The aim of the present study was to investigate the expression of SVs of GH-RH receptors and the binding characteristics of the GH-RH receptor isoform in MNNG/ HOS and SK-ES-1 human malignant bone tumors. We also examined whether GH-RH antagonist JV-1-38 administered s.c. at a dose of 20 μg twice daily for 4 weeks would affect the gene expression and binding characteristics of receptors for GH-RH on cell membranes of MNNG/HOS tumors. In addition, we evaluated the receptor binding affinity of GH-RH antagonist JV-1-38 in MNNG/HOS human osteosarcomas.
Materials and methods
Peptides and chemicals. GH-RH antagonists JV-1-38 and JV-1-42 were synthesized by solid phase methods, and purified and analyzed as described previously (13) . Radioisotope 125 I-labeled sodium was purchased from Amersham Pharmacia Biotech (Piscataway, NJ). All other peptides and chemicals, unless otherwise mentioned, were obtained from SigmaAldrich (St. Louis, MO), Bachem (Torrance, CA), and R&D Systems, Inc. (Minneapolis, MN) .
Radioiodination. Iodinated derivatives of GH-RH antagonist JV-1-42 were prepared by the Cloramine-T method as described and purified by HPLC (32) . The fractions corresponding to the mono-iodinated compound and identified by elution position, radioactivity, and UV peak, were stored at -70˚C for the in vitro receptor studies.
Cell lines. MNNG/HOS human osteosarcoma cell line (35) and SK-ES-1 cell line, originating from a Ewing's sarcoma (36) were obtained from the American Type Culture Collection (Manassas, VA). MNNG/HOS was grown as a monolayer in minimal essential medium supplemented with 10% fetal bovine serum and antibiotics, and antimycotics (100 U/ml penicillin G sodium, 100 μg/ml streptomycin and 0.25 μg/ml amphotericine B) (3). All culture media components were purchased from Gibco (Gaithersburg, MD). SK-ES-1 was grown as a monolayer in McCoy's 5A medium supplemented with 15% fetal bovine serum and antibiotics and antimycotics as described above (3) . Cultures were incubated in air containing 5% CO 2 at 37˚C. Tumor cells growing exponentially were harvested by a brief incubation with 0.25% trypsin-ethylenediamine tetraacetic acid (EDTA) solution (Gibco).
Animals and tumors.
Male athymic nude mice, approximately 6 weeks old on arrival, were purchased from the Frederick Cancer Research Facility of the National Cancer Institute (Frederick, MD) and housed in laminar airflow cabinets under pathogen free conditions with 12 h light/12 h dark schedule. Xenografts of each cell line were initiated by subcutaneous injections of 1x10 7 cells into three nude mice (3). After 4 weeks, the tumors from donor animals were dissected aseptically and 3 mm 3 tumor pieces were transplanted subcutaneously with a trocar needle into nude mice under isoflurane anesthesia (3). One week after the transplantation, when MNNG/HOS tumors had grown to approximately 50 mm 3 , mice were divided randomly into two groups and received treatment with GH-RH antagonist JV-1-38 (20 μg subcutaneously twice daily) or vehicle solution (control group) (3). After 4 weeks of treatment, the mice were sacrificed, and MNNG/HOS tumors were dissected, snap frozen and stored at -70˚C for receptor analyses. Four weeks after the transplantation of SK-ES-1 tumors, mice were also sacrificed and the tumors were dissected, snap frozen and stored as described above. All experiments were performed in accordance with institutional guidelines for the care and use of experimental animals.
RNA extraction and RT-PCR analysis of expression of GH-RH receptor splice variants in tumor tissue.
Total RNA from subcutaneously grown MNNG/HOS and SK-ES-1 tumors was extracted with Tri-Reagent (Sigma) according to the manufacturer's protocol. Total RNA (4-600 μg) was further purified with the MicroPoly(A)PURE Kit (Ambion, Austin, TX). The concentration of mRNA was determined spectrophotometrically at 260 nm. Poly(A) RNA (1 μg) was reversetranscribed into cDNA with the oligo(dT16) primers and with the reagents of the PCR Core Kit (Applied Biosystems, Foster City, CA) following the instructions of the manufacturer. cDNA for the SVs was amplified by gene specific primers according to the nested PCR protocol previously described (29,30,32,33), except for transferring 1 μl of the first PCR product to the second PCR without dilution. The PCR amplification of the cDNA for human ß-actin was performed as described (32) . PCR products were separated on 1.5% agarose gel followed by ethidium bromide staining and visualized under UV light. The developed bands were captured with a Kodak DC290 digital camera and pictures were analyzed with the Kodak 1D Image Analysis software (Eastman Kodak Company, Rochester, NY). Relative mRNA levels of each gene were normalized versus the corresponding levels of human ß-actin.
Preparation of tumor membranes. Preparation of membranes from xenografts of MNNG/HOS and SK-ES-1 cell lines grown in nude mice was performed as described previously, with some modifications (30, 32) . Briefly, the samples were thawed and then the tumor samples were homogenized in 50 mM Tris-HCl homogenization buffer (pH 7.4) (30,32), supplemented with protease inhibitors (0.25 mM phenylmethylsulfonyl fluoride, 2 μg/ml Pepstatin A and 0.4% Aprotinin) using an Ultra-Turrax tissue homogenizer (IKA Works, Wilmington, NC) for 5x5 sec strokes on ice. The homogenate was centrifuged at 500 x g for 10 min at 4˚C to remove nuclear debris and lipid layer. The supernatant containing the crude membrane fraction was centrifuged in a Beckman L8-80M ultracentrifuge twice at 70,000 x g for 50 min at 4˚C after resuspending in fresh buffer. The final pellet was resuspended in homogenization buffer and stored at -70˚C until assayed. Protein concentrations were determined by the method of Bradford using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA).
Radioligand binding studies. GH-RH receptor binding assays were carried out as reported in detail, using in vitro ligand competition assays based on binding of [ 125 I]JV-1-42 as radioligand to tumor membrane fractions (30, 32) . In brief, membrane homogenates containing 60-120 μg protein were incubated in duplicate or triplicate with 60-80,000 cpm [
125 I]JV-1-42 and increasing concentrations (10 -12 -10 -6 M) of non-radioactive peptides as competitors in a total volume of 300 μl of binding buffer (50 mM Tris-HCl, 5 mM EDTA, 5 mM MgCl 2 , 1% BSA, 30 μg/ml bacitracin, pH 7.4) supplemented with protease inhibitors as mentioned above. Binding reactions were performed in siliconized polypropylene tubes (Sigma) where the non-specific binding of [
125 I]JV-1-42 to the assay tubes was less than 5% (30, 32) . After 1 h of incubation at room temperature the tubes were immersed to ice-water, 250 μl of the suspension was transferred into cold siliconized polypropylene microfuge tubes (Sigma), and centrifuged at 12,000 x g for 2 min (Beckman J2-21M) at 4˚C, the supernatant being removed by aspiration. The pellet was washed twice with 500 μl ice-cold binding buffer and then the bottoms of the tubes, containing the pellet, were cut off and counted in a gamma counter at 75% efficiency (Micromedic Systems, Huntsville, AL (38) . Statistical analyses were performed using a computer software (SigmaStat, Jandel, San Rafael, CA). (Table I) . One class of low capacity, highaffinity binding sites for GH-RH was also found in the membrane fractions of SK-ES-1 tumors with a mean K d of 2.76 nM and a mean B max of 371.9 fmol/mg membrane protein (Table I) (Fig. 2) . This IC 50 value of JV-1-38 represents a high binding affinity to GH-RH receptor protein expressed on MNNG/HOS human osteosarcomas.
Results

GH-RH
PCR analyses of splice variants of GH-RH receptors in MNNG/HOS and SK-ES-1 human sarcomas.
To investigate whether high-affinity binding sites for GH-RH present in the membranes of human sarcomas grown in nude mice are the products of mRNA expression of GH-RH receptors, we performed RT-PCR analysis. In both human malignant bone cancer lines, reverse transcription of RNA, followed by nested PCR amplification with specific primers corresponding to intron 3 and exon 12 of the hGH-RH receptor gene in the primary PCR, and primers designed from intron 3 and exon 8 in the secondary PCR, amplified 720-and 566-bp PCR products (Fig. 3) . Sequence analyses of these two PCR fragments revealed different major open reading frames, which corresponded to SV1 and SV2 of the GH-RH receptor described previously (31) . No bands representing splice variants SV3 and SV4 were obtained. Negative controls yielded no detectable signals, indicating that PCR products were generated from cDNA and not from genomic DNA or contamination. PCR amplification with human ß-actin specific primers produced a single product of 459 bp from all samples, confirming that no RNA degradation occurred during the preparations (data not shown).
Characteristics of receptors for GH-RH in MNNG/HOS human osteosarcomas after chronic treatment with GH-RH
antagonist JV-1-38. The presence of specific, high affinity receptors for GH-RH in membrane fractions of MNNG/HOS osteosarcomas was also detected 4 weeks after treatment with GH-RH antagonist JV-1-38. After daily administration of JV-1-38 for 28 days, there were no significant changes in the binding affinities and the capacities of the GH-RH receptors in mice with MNNG/HOS tumors (Table I) . Thus, chronic treatment with GH-RH antagonist JV-1-38 did not affect the binding characteristics of receptors for GH-RH in MNNG/ HOS human osteosarcoma.
RT-PCR analyses revealed the presence of 720-bp and 566-bp products corresponding to SV1 and SV2 of the GH-RH receptor in MNNG/HOS tumors after treatment with GH-RH antagonist JV-1-38. Semiquantitative analysis showed that daily injections of JV-1-38 did not significantly alter the mRNA levels of SV1 and SV2 of GH-RH receptors (Fig. 3) .
Discussion
New therapeutic modalities are needed to improve the treatment of patients with osteogenic sarcomas and other Table I . Binding characteristics of GH-RH receptors in human sarcomas grown in nude mice before and after treatment with GH-RH antagonist JV-1-38 on the affinity and concentration of GH-RH receptors in membranes of MNNG/HOS human osteosarcomas. ----------------------------------------------- 
Binding characteristics were obtained from 12-point displacement experiments. All values represent mean ± SE of 3-4 independent experiments, each done in duplicate or triplicate tubes. K d , dissociation constant; B max , maximal binding capacity; n.i., not investigated. malignant bone tumors. For our study we selected the MNNG/ HOS, a chemically transformed cell line derived from an osteogenic sarcoma of a 13-year-old Caucasian female and SK-ES-1 line, established from Ewing's sarcoma to represent malignant human bone tumors (35, 36) . Both of these sarcomas are well characterized and known to proliferate in vitro and to develop tumors in athymic nude mice (3, 29, 35, 36) .
In a previous study in nude mice bearing MNNG/HOS osteosarcomas and SK-ES-1 Ewing's sarcomas, the treatment with GH-RH antagonist JV-1-38 significantly inhibited the tumor volume and weight, and reduced the concentration of tumoral IGF-II and its gene expression (3) . In proliferation studies in vitro, the growth of MNNG/HOS and SK-ES-1 cells was dose-dependently inhibited by JV-1-38 and an antiserum against human GH-RH (29) . In addition, RT-PCR analyses showed the presence of mRNA for GH-RH, which is apparently translated into the GH-RH peptide and secreted by the sarcoma cells (29) .
It has been known for more than two decades that some cancers produce GH-RH (39) . Recent studies also indicate that this peptide is an autocrine growth factor for many malignancies. Thus, it was shown that various cancer lines including human bone, breast, endometrial, ovarian, pancreatic, gastric, colorectal and lung cancers synthesize GH-RH and their growth is stimulated by exogenous GH-RH and its agonistic analogs (20, 26, 27, 29, 33, (40) (41) (42) . mRNA for GH-RH or GH-RH peptide have also been demonstrated in surgical specimens of human pancreatic, lung, prostatic, breast, ovarian, endometrial, adrenal and pituitary tumors (2, 32, 39, 41, (43) (44) (45) .
Initial attempts to detect the tumoral receptors that can mediate the direct effects of GH-RH and its antagonists were unsuccessful, since the pituitary-type GH-RH receptor is not expressed in a number of human breast, ovarian, prostatic, SCLC, pancreatic and renal cancer models (2, 11, 30, 31) . However, we were able to demonstrate by the isolation and sequencing of corresponding cDNA that these and other tumors, including primary human prostate cancers express the mRNAs for four SVs of GH-RH receptor (30) (31) (32) . Radioligand binding studies using GH-RH antagonist JV-1-42 (30) as a special ligand, revealed the presence of tumoral binding sites for GH-RH with characteristics different from the pituitary receptors (30) (31) (32) . These SVs of GH-RH receptors on tumors might mediate the direct effects of GH-RH and its antagonists and are distinct from the pituitary-type GH-RH receptors or receptors for other peptides of the vasoactive intestinal peptide/ secretin/glucagon family (2, (30) (31) (32) . All of the SVs of the GH-RH receptor have a retained intronic sequence at the 5'-end, but lack the first three exons (30, 31) . The deduced protein sequence of SV1 differs from the pituitary GH-RH receptor only in the N-terminal extracellular domain, the first 89 amino acids of the pituitary GH-RH receptor being replaced by a different, 25-amino acid sequence (31) . Thus, receptor SV1 would encode a functional G-protein coupled receptor with a 7 transmembrane domain. SV2 may encode a GH-RH receptor isoform truncated after the second transmembrane domain (31) . The participation of SV1 in cell proliferation signaling has been shown by transfection in NIH-3T3 mouse fibroblast cells (34) . In that study, transfection of 3T3 cells with SV1 produced specific high affinity binding sites for radiolabeled GH-RH antagonist JV-1-42 and conferred a greatly augmented sensitivity to GH-RH analogs. Thus, the expression of SV1 increased the mitogenic responses to GH-RH or GH-RH agonist JI-38 and the antimitogenic response to GH-RH antagonist JV-1-38, compared with control 3T3 cells, which did not express SV1 (34) .
To confirm that mRNA for SV1 is translated into a corresponding GH-RH receptor isoform protein, we developed a polyclonal antiserum generated against the N-terminal 25-amino acid sequence which is present in SV1, but not in the pituitary GH-RH receptor (46) . The specificity and sensitivity of the antisera were studied on xenografts of RL and HT human non-Hodgkin's lymphomas (46) . Using these antisera SV-specific immunostaining or Western blot signals, consistent with the expected molecular mass of 40 kDa of SV1 protein were detected in RL and HT lymphomas as well as in surgical specimens of breast cancers (43, 46) . RT-PCR and ligand binding studies also revealed the expression of SV1 and the presence of high affinity binding sites for GH-RH on RL and HT tumors (46) .
Lately, we re-investigated whether human tumors can express the pituitary GH-RH receptors (47) . Thus, we developed a real-time PCR method with new primers for the detection of mRNA of the pituitary GH-RH receptors, its SVs and the GH-RH peptide (47) . Using this real-time PCR method, Western blots and radioligand binding assays with antibodies and ligands specific for the pituitary GH-RH receptors, we showed that the mRNA for pituitary-type receptor and its receptor protein are detectable in human lymphoma, glioblastoma and SCLC cell lines grown in nude mice and in surgical specimens of human lung cancers (47) . Since various tumors can express not only the SVs, but also the pituitary GH-RH receptors, both types of GH-RH receptors could play an important role in the pathophysiology of human cancers.
The current study reports the presence of specific, high affinity receptors for GH-RH antagonists on tumor membranes of MNNG/HOS osteosarcomas and SK-ES-1 Ewing's sarcomas. Our work also confirms and extends our previous findings (29) demonstrating the expression of mRNA for SV1 and SV2 of GH-RH receptors by these malignant bone tumors. GH-RH antagonist JV-1-38 displayed a high affinity binding to MNNG/HOS tumors characterized by an IC 50 value of 1.04 nM. These in vitro findings are supported by the results in vivo. Administration of antagonist JV-1-38 significantly inhibited the tumor volume and tumor weight of MNNG/HOS and SK-ES-1 tumors by more than 50% after 4 weeks and significantly prolonged tumor doubling time (3) . Another aim of the present study was also to examine whether GH-RH antagonist JV-1-38 administered s.c. at a dose of 20 μg twice daily for 4 weeks would affect the gene expression and binding characteristics of receptors for GH-RH on cell membranes of MNNG/HOS tumors. Our results show that chronic treatment with GH-RH antagonist JV-1-38 did not affect the affinity, concentration and mRNA expression of receptors for GH-RH in MNNG/HOS human osteosarcomas as compared with controls. This study is the first to reveal that daily administration of a potent GH-RH antagonist, even at a relatively high dose, does not down-regulate the GH-RH receptors on tumor cells as in the classical case of LHRH receptors following repeated treatment with LHRH agonists.
In conclusion, our study supports the merit of development of GH-RH antagonists for the therapy of patients with malignant bone tumors and other cancers.
